The abrasion behavior of high manganese steel is investigated under three levels of impact energy in acid-ironstone slurry. The wear test was carried out by an MLDF-10 tester with impact energy of 0.7 J, 1.2 J, and 1.7 J. The impact abrasion property of high manganese steel in corrosive condition was compared according to the wear mass loss curves. The wear mechanism was analysed by the SEM analysis of the worn surface and the optical metallographic analysis of the vertical section to the wear surface. The results show that the impact energy has a great effect on the impact corrosion and abrasion properties of it. Its abrasion mechanism in corrosive condition is mainly microplough and breakage of plastic deformed ridges and wedges under the impact energy of 0.7 J. It is mainly the spelling of plastic deformed ridges and wedges under 1.2 J and the spalling of the work-hardening layer under 1.7 J after a long time testing.
Introduction
After invented by Robert Hadfield in 1882, the high manganese steel (HMS) is still used for railroad components such as crossings and rock-handling equipment because of an enormous capacity for work-hardening upon impact [1] .
Lining board is widely used in wet-grinding machine, metallurgical mines, electric power industry, and so on. HMS consists of Austenite after water-quenched according to the normal heat-treatment process and has low hardness [2] . But it is a typical wear resistance material when it is used under high load to produce work-hardening. So it is used widely as lining board. As the liner of the wet-grinding machine, the HMS bears not only impact and abrasion but also the corrosion of slurry. At present, part researchers devote themselves to investigate the effect of HMS concentrate on wear mechanism under high load [3, 4] . Many researchers try to improve the properties of the HMS with second phase particles [5] [6] [7] . There are a few of research concerning the impact and abrasion properties of the HMS in corrosive condition. In high-load condition, the wear resistance can be increased by work hardening, and the wear mass loss mainly comes from the spring of harden lay. But for some lining boards used in wet-grinding machine, the load is not too high to get heavy work hardening. Now, the lining boards run in lower energy impact, abrasion and corrosion condition. Therefore, it is very meaningful to investigate the impact corrosion and abrasion mechanism of the HMS in low impact energy.
Experimental

Experimental Material.
The composition of HMS used in this experiment is shown in Table 1 . After water quenched from 1050
• C, single-phase austenite was obtained, whose hardness is 226 HB, and impact toughness is 147 J cm −2 , as shown in Table 1 . Impact toughness (a k , defined as the sample absorbing impact energy divided-by cross section area of the sample) was measured according to Mesnager criterion; the sample size was 10 mm×10 mm×55 mm.
Impact Corrosion and Abrasion
Tests. The impact corrosion and abrasion tester used in this investigate was a MLDF-10 tester. as shown in Figure 1 . The size of the impact corrosion and abrasion sample was 10 mm×10 mm×30 mm. The samples were cleaned in the supersonic wave cleaning machine with acetone before the test, then were fixed on the tester after drying and weighing. To simulate the running condition, the mixture of ironstone and water, whose volume radio was 3 : 5, was used as the medium. The grain size of the ironstone was 3-5 mm, and its microhardness was 766-1097 HV. The pH value of the slurry was 2.0-2.5. The upper sample moved up and down reciprocally with the impact hammer, and the lower sample, which was made of GCr15 steel, rotated continually. The ironstone abrasive materials entered into the space between the friction surfaces under the function of the agitating service. The impact energy, which was measured according to the height of upper sample's fall, was 0.7 J, 1.2 J, and 1.7 J, respectively. The sample stood impact corrosion and abrasion continuously and was cleaned every 2 hours in supersonic wave cleaning machine with acetone and then dried and weighed. The mass loss of the samples was measured and then the average value of three kinds sample was calculated. The worn surface was observed by a Sirion-200 FEG SEM, the subsurface microstructure of the samples was analyzed by Olympus optical metallographic microscope, and then the impact and corrosion abrasion mechanism of the HMS was discussed.
Result and Discussion
Impact Corrosion and Abrasion Properties of the HMS at Different Impact Energy.
The relationship between the wear mass loss and wear time of the HMS in acid-ironstone slurry under three levels of impact energy is shown in Figure 2 . In the same test time, the wear mass loss of the steel increases along with the increment of the impact energy, which shows that the impact energy is an important factor in the impact corrosion and abrasion condition. The wear mass loss curve of the HMS seems to be linear as a function of test time at the impact energy of 0.7 J, 1.2 J, and 1.7 J during 2-16 hours, which indicates that the wear mechanism may be constant in such condition. The slope of the curve under 0.7 J is less than that of the others. And for 1.7 J, the slope is the largest in those three curves. Their wear mechanism will be analysed in Section 3.2.
Abrasion Mechanism of HMS under Different Impact Energy
Abrasion Mechanism under 0.7 J.
The worn surface morphology of the HMS (Figures 3(a) , 3(b)) after worn in acid-ironstone slurry for 8 hours and 16 hours, respectively, shows that there are many furrows and a few of small pits on the wear surface. When the test time is extended to 16 hours, some small-massive or banding plastic deformed ridge occurs, and the ploughing is serious than that at 8 hours.
When solid particles impinged on a metal at a high impact angle, the removal of material is mainly due to the repeated plastic deformation. Because of the low hardness of HMS before obvious work-hardening occurs, the abrasive particles could be pressed into the surface of the steel by the normal stress. At the same time, the abrasive particles glided along the wear surface, and the furrows formed. Since the toughness of the HMS was high and the impact energy was lower, the chip was not easy to be formed and only the microplough occurred. The material which was pushed to the sides of the furrow formed plastic deformed ridges, and the material which was pushed to the frontage of the furrow formed plastic deformed wedges. The ridges and wedges became more and larger after repeated plastic deformation. During the subsequent wear process, these salient areas were repeatedly impacted or deformed and broke down at last to form grindings. In addition, there were less etch pits on worn surface after worn for 8 hours, and the corrosion produce and other trace of corrosion could not be found, which implied that the corrosion might have not distinct action to the impact abrasion of HMS in such condition. After worn for 16 hours, the number of etch pits increased obviously. It might be the combined action of stress and corrosion. 
Abrasion Mechanism under 1.2 J.
The worn surface morphology of the HMS after impact worn for 8 hours and 16 hours at the impact energy of 1.2 J can be seen from Figure 4 . As shown in Figure 4 (a), the number of the furrows decreased, but the number of plastic deformed ridges and wedges increased obviously. The fresh surface was exposed because of the spalling of plastic deformed ridges and wedges, which made the furrows shorter. With the extension of test time, the extruding and spalling of superficial layer were aggravated and the furrow became obscure as shown in Figure 4 (b).
The above phenomenon has a close relationship with the properties of HMS and the impact energy. The composition of HMS was austenite entirely before worn. Under the effect of impact force, the deformation could have it work hardened. Obviously, when the impact energy increases, the deformation and extruding would increase and the plastic deformed ridge and wedge became more and larger. At the same time, the resistance of the abrasive particles gliding along the wear surface was increased. As a result, the number and length of the furrows decreased.
Plastic deformation and work-hardening occurred when the plastic deformed ridges and wedges formed. There would be many dislocations in the plastic deformed ridges and wedges, which could decrease the toughness and increased the break possibility of it. The microcracking was easy to form at the interface of the hardened area and the unhardened area, which caused the fracture along the root of the plastic deformed ridges and wedges (as shown in Figure 5 ).
The small etch pits in the worn surface were the result of the corrosion. The HMS formed the plastic deformed ridges and wedges during the impact wear process, and the salient areas had a higher internal energies than that of the cupped areas. In corrosive media, the deformation cell formed, in which the salient areas was the anode, the cupped areas acted as the cathode [8] . Because the HMS has good corrosion resistance itself, and the deformation amount of the tested steel is not very large, only some small etch pits formed on the surface of the steel.
Abrasion Mechanism under 1.7 J.
The morphologies of the worn surface after impact wear for 8 hours and 16 hours at the impact energy of 1.7 J are shown in Figure 6 . It can be seen that the fresh surface of material occupied the majority area of wear surface, which indicated that the spelling was the dominate wear mechanism in this condition. There were plastic deformed ridges and wedges and small corrosion pits on the worn surface too. It can be seen from Figure 6 (b) that a big block material would spall from the wear surface after worn for 16 hours.
According to the delamination theory of N. P. Suh and Y. Y. Yang [9] , the process of wear mass loss is the process in which the microcracking and the cavity form at the subsurface, extend parallel to the surface and return to the surface at the weak areas, lead local areas of the surface to spall at last. Under the impact load, the deformation layer was formed near the wear surface, in which the tangle and crossing of the dislocations led to the word-hardening of it (Figure 7) . At last the microcracking occurred at the boundary of the hardened layer and the unhardened layer ( Figure 8 ). After impact corrosion and abraded for a long time, the microcracking extended to the wear surface and the corrosive medium infiltrated into the microcracking (the phenophone of crack branching and secondary microcracking can be seen from Figure 8 ), which would aggravate the growth of the microcracking and the corrosion of the materials and lead to the spalling of the hardened layer finally (Figure 8 ). Because of the interaction of the impact corrosion and abrasion, the wear loss was the maximal in this condition.
Conclusions
(1) During the impact corrosion and abrasion, the wear mass loss of the high manganese steel increases along with the increasing of the impact energy. The impact energy has a great effect on the impact corrosion and abrasion properties of the high manganese steel.
(2) In acid-ironstone slurry, the impact corrosion and abrasion mechanism of the high manganese steel is mainly microplough and breakage of plastic deformed ridges and wedges under the impact energy of 0.7 J. When the impact energy is 1.2 J, it is microplough and secondary microcutting in a short time. With the extension of test time, the wear mechanism changed to spelling of the plastic deformed ridges and wedges. When the impact energy is 1.7 J, the wear mechanism is mainly the spalling of the work-hardening layer after a long time testing.
